We demonstrate that a short hollow dielectric tube can act as a dielectric waveguide and transform the multimode, highly diverging terahertz quantum cascade laser beam into the lowest order dielectric waveguide hybrid mode, EH 11 , which then couples efficiently to the free-space Gaussian mode, TEM 00 . This simple approach should enable terahertz quantum cascade lasers to be employed in applications where a spatially coherent beam is required.
Introduction
Terahertz quantum cascade lasers (TQCLs) are promising sources for many applications in biomedical imaging [1, 2] . They also can be used as local oscillators (LOs) for heterodyne receivers for spectroscopy in atmospheric research [3] and astrophysics [4] . Other important applications include short-range standoff imaging systems for security screening as a means of detecting contraband [5] , as well as radar scale modeling [6] . Here, TQCLs could be employed for both the transmitter and LO. Successful TQCL LO results have been reported [4, 7] using a superconducting hotelectron bolometer mixer, which requires less than a microwatt of power to be driven.
TQCLs have already produced impressive performance characteristics for LO use, including high cw power levels (up to 138 mW) [8] , narrow linewidth ͑30 kHz͒ [9] , and some tunability. However, the multimode profile [10 -12] and high divergence of the output beam from a cavity whose lateral dimensions are comparable to the wavelength present obstacles for LO applications. Consequently, no results of Schottky diode mixer performance using a TQCL as the LO have been reported. At THz frequencies, the Schottky diode is typically mounted in a fundamental waveguide [13] or corner-cube antenna [14, 15] and requires a focused, spatially coherent mode of several milliwatts for high receiver sensitivity. In order to achieve good diode performance as a mixer (or even as a direct detector) the amplitude profile and phase of the radiation must match that of the receiver's antenna pattern [16, 17] . The goal of this paper is to characterize and shape the TQCL beam profile. We demonstrate that a short hollow Pyrex tube mounted close to the exit facet of the TQCL can act as a dielectric waveguide and transform the multimode, highly diverging TQCL beam into the lowest order dielectric waveguide hybrid mode, EH 11 , which then couples efficiently to the free-space Gaussian mode, TEM 00 . Because the initial trial tube has delivered an overall efficiency of approximately 35%, it is anticipated that optimization of this very simple approach will convert at least one-half of the TQCL emitted power into a TEM 00 mode.
Terahertz Quantum Cascade Laser Fabrication
The TQCL devices were fabricated from sample EA 1249, grown by molecular beam epitaxy at Sandia National Laboratory, with a previously published 2.9 THz epitaxial layer structure [18] . The epitaxial device structure was grown on a semi-insulating GaAs substrate to enable fabrication of devices of the topmetal plasmon confinement waveguide structure. This processing consisted of 100 m wide ridge formation by chemical etching following Ti͞Au ridgemetallization using a liftoff procedure similar to a previously described process [18] . Two Ni͞Ge͞Au metal contact stripes (each approximately 100 m wide and separated from the ridge by approximately 100 m) were then deposited by E-beam evaporation on both sides of the ridge, and the wafer was thinned to approximately 140 m. Following wafer thinning, the back side of the wafer was also metallized with Ti͞Au, but this metallization was only applied to enable soldering of the die to the device package. The back side metal served no electrical function. The wafers were then cleaved into individual laser die, with cavity lengths ranging from 1 mm to 2 mm. For the measurements described in this paper a 1.7 mm cavity with uncoated facets was used.
Terahertz Quantum Cascade Laser Characterization
The TQCL is attached to a copper sample holder, which is bolted to an oxygen-free copper plate mounted horizontally in a temperature controlled liquid helium (LHe) dewar [19] . The copper plate is coupled to the LHe cold surface mechanically, through (externally) adjustable jaws. For the measurements reported here the jaws were tightly shut in order to obtain the lowest possible device temperature (approximately 10 K). The TQCL output beam is centered on a 1 inch (25 mm) diameter high-density polyethylene (HDPE) external window, which is approximately 25 mm from the facet of the TQCL. The laser was driven by square wave pulses at the following default settings: bias 4.1 V, frequency 30 Hz, and pulse width 1 ms. The current through the device was approximately 0.3 A. TQCL emission is linearly polarized along the growth direction, which corresponds to the vertical direction in this setup.
The TQCL spectrum was measured using a Fourier transform spectrometer at 0.15 cm Ϫ1 resolution, in the step-scan mode. The detector was a LHe cooled silicon (Si) bolometer of the composite type. As seen from Fig.  1 , the emission is principally from a longitudinal mode positioned at 2.960 THz ͑ ϭ 101.4 m͒. Two weaker longitudinal modes can also be seen in Fig. 1 .
The laser pulse power was obtained with an absolute power meter [20] . The large detector area allows collection of nearly all the TQCL radiation emerging from the dewar window. The output power was corrected by a factor of 16.7, the duty cycle difference between the power meter calibration (50%) and the TQCL pulsed signal (3%). The laser starts emitting at 3.6 V and stops at 4.5 V, reaching the maximum power of 3.6 mW at 4.4 V.
The beam profile of the TQCL has been measured at several distances from the laser by a linearly translated Si LHe cooled bolometer with steps of 0.3 mm, using a computer-controlled translation stage. The bolometer entrance window was apertured to 1 mm diameter in order to obtain the necessary spatial resolution. The aperture was surrounded by anechoic material to prevent the appearance of any standing waves between the bolometer dewar and the TQCL dewar that might affect the data. The 5 mm diameter bolometer element is positioned approximately 12 mm behind the dewar window, with no internal collection optics. The horizontal and vertical profiles at varying distances from the source are shown in Figs. 2(a) and  2(b) . As can be seen, the profile has a multimode structure. The beam divergence is approximately 17°.
Motivation and Waveguide Theory
The impetus for using hollow core dielectric waveguides to shape the TQCL beam comes from their wide application in optically pumped submillimeter-wave molecular lasers where, in contrast to metal waveguides, they provide excellent transverse mode control [21] . Single transverse mode, Gaussian profile output is readily obtained with large volume dielectric waveguides, where ratios of core tube diameter, d, to wavelength, , exceed 100͞1. Radiation propagates inside the hollow core; hence lossy waveguide material is no impediment, and in fact is useful by reducing interference effects between reflections from the inner and outer surfaces of the tube.
Dielectric waveguide theory was developed by Stratton [22] and Snitzer [23] . They determined the field components of the low-loss modes of the most general circular cylindrical structure for the case where the radius, a, of the waveguide is much larger than the free-space wavelength, ͑a Ͼ ͒, keeping terms up to order ͞a. Later these results were applied to hollow cylindrical waveguides by Marcatili and Schmeltzer [24] and Degnan [25] .
Basically, there are three types of modes in such structures: transverse circular magnetic TM 0m modes, transverse circular electric TE 0m modes, and nontransverse hybrid EH nm modes. The expressions for these modes [24] are greatly simplified by considering a waveguide with a large radius ͑a Ͼ Ͼ ͒ and ignoring terms of order ͞a. Within this approximation the EH 1m modes are transverse and linearly polarized, and the field distributions inside the guide are given in Ref. 25 . The attenuation constant in dB͞m is
where u nm is the mth root of the equation J nϪ1 ͑u nm ͒ ϭ 0 and
where N ϭ ͱ 1 ͞ 0 is the complex index of refraction of the tube material [21] . The attenuation constant for a given mode varies as
, so a waveguide with a larger radius has lower loss. Also, a lower order mode has lower loss than a higher order one because of the ͑u nm ͒ 2 dependence. The near-and far-field mode patterns for the low order modes radiating from the open end of a dielectric waveguide have been computed numerically by Degnan [26] . The far field pattern of the EH 11 mode, shown in Fig. 3 in Ref. 26 , is circularly symmetric, linearly polarized, and strongly resembles a Gaussian profile.
Experiment for Transforming the Terahertz Quantum Cascade Laser Beam Profile
The multimode TQCL beam pattern is unsuitable for applications where a high quality Gaussian beam is required. Here we demonstrate that a simple dielectric waveguide approach gives very good results in transforming the TQCL output into a Gaussian.
A Pyrex tube with an inner diameter of 1.8 mm and a length of 43 mm was used in this experiment. The laser was moved back to allow room for the waveguide, whose dimensions were chosen to produce about 1 dB of attenuation in the EH 11 mode. The tube was mounted inside the temperature controlled dewar as close as possible to the exit facet of the TQCL without actually touching it (Fig. 3) . The tube was aligned with the TQCL emission along the axis of the tube, for optimum coupling of the TQCL beam into the waveguide. The distance between the exit face of the tube and the dewar output window was 7.5 mm. The laser was driven at the same default values discussed in Section 3.
The beam profiles were obtained in exactly the same manner as before by scanning the Si LHe bolometer. The horizontal and vertical profiles were collected at varying distances from the source, and the results are displayed in Figs. 4(a) and 4(b) . The po- larization was also measured and determined to be unaffected by the waveguide.
To estimate the efficiency of the Pyrex waveguide, two relative values of power were measured with the bolometer. The first was obtained with the off-axis paraboloidal reflector collecting all the radiation emerging from the TQCL dewar window and focusing it into the bolometer. The TQCL was located 25 mm inside the dewar, giving a collection angle of approximately one radian. This configuration was sufficient to collect most of the power radiated by the TQCL. The second was measured when the TQCL beam had just emerged from the waveguide. The ratio gives an estimate of the waveguide efficiency with respect to power, which in this case was 35%, or Ϫ4.4 dB.
Predicted Mode Pattern and Experimental Results
For a Pyrex tube of 0.9 mm radius and 43 mm length, the attenuation constants of the lowest order modes at ϭ 101.4 m are, from Eq. (1),
where for Pyrex we have used real ϭ 2.2 and the imaginary part imag ϭ 0.05 is neglected.
The TE 01 mode has lower loss than the EH 11 for a Pyrex tube, but the TQCL source is linearly polarized, and, as a result, the EH 11 mode is preferentially excited, since the EH 11 mode is also linearly polarized. The TM 01 mode has much higher attenuation and it is not linearly polarized, so coupling between the TQCL source and the TM 01 mode is very poor. Thus, we expect the EH 11 mode to be dominant inside the tube. Abrams [27] predicts that the EH 11 mode couples 98% of its energy to the TEM 00 lowest order Gaussian free-space mode provided that 0 ͞a ϭ 0.6435. In this case the waist 0 of the TEM 00 mode has maximum overlap with the EH 11 mode in the dielectric waveguide. The results presented here show a very close agreement to this optimum ratio. Waists of the TEM 00 mode in the horizontal and in the vertical directions are 0.75 and 0.6 mm, respectively. The positions of the waists are 2.5 and Ϫ12 mm relative to the exit of the tube. These values were obtained with a back fitting routine, which uses measured radii of the Gaussian beam at different distances to predict the position and radius of the waist. The ratios for the 0.9 mm radius tube are 0h ͞a ϭ 0.83, 0 ͞a ϭ 0.66. According to Abrams [27] , the ratio predicts about 91% coupling for the horizontal beam results and 98% for the vertical measurements. The beam profiles strongly resemble the Gaussian TEM 00 mode with some sidelobe structure at least 10 dB down from the mainlobe. Also, the beam is not cylindrically symmetrical but elongated along the vertical direction by about 30%. We expect the beam symmetry can be improved and the sidelobe intensity reduced by optimizing the dielectric waveguide parameters, such as tube length, radius, and straightness. To complete the characterization of the Gaussian beam, we estimate the collimated beam distance or the Rayleigh range ͑z R ͒ and the far-field angular beam spread . Using an average waist size of 0.67 mm, As calculated in the previous section, the waveguide efficiency was Ϫ4.4 dB. Since the tube itself attenuates 1.12 dB for EH 11 mode, the efficiency of coupling the TQCL radiation into the waveguide is Ϫ3.3 dB. 
Conclusion
It has been demonstrated in this paper that a simple nonoptimized dielectric tube works as a very good EH 11 filter and can transform the TQCL multimode beam into the free-space TEM 00 mode with a relatively high efficiency. This simple approach should enable THz QC lasers to be employed in applications where a spatially coherent beam is required.
